Mitochondrial complex I is the largest and most complicated enzyme of the oxidative phosphorylation system. It comprises a number of so-called accessory subunits of largely unknown structure and function. Here we studied subunit NB4M [NDUFA6, LYR motif containing protein 6 (LYRM6)], a member of the LYRM family of proteins. Chromosomal deletion of the corresponding gene in the yeast Yarrowia lipolytica caused concomitant loss of the mitochondrial acyl carrier protein subunit ACPM1 from the enzyme complex and paralyzed ubiquinone reductase activity. Exchanging the LYR motif and an associated conserved phenylalanine by alanines in subunit NB4M also abolished the activity and binding of subunit ACPM1. We show, by single-particle electron microscopy and structural modeling, that subunits NB4M and ACPM1 form a subdomain that protrudes from the peripheral arm in the vicinity of central subunit domains known to be involved in controlling the catalytic activity of complex I. M itochondrial complex I (proton pumping NADH:ubiquinone oxidoreductase, EC 1.6.5.3) is a 1-MDa membrane protein complex with a central function in cellular energy conversion (1). Redox-linked proton translocation by complex I contributes to the electrochemical proton gradient across the inner mitochondrial membrane that drives ATP synthesis by ATP synthase. Complex I dysfunction caused by mutations or toxins is associated with a number of neuromuscular and neurodegenerative human disorders, such as Parkinson's disease. Fourteen central subunits are conserved from bacteria to humans that harbor the core function of energy conversion. In eukaryotes, a substantial fraction of the mass of the holoenzyme is contributed by so-called accessory subunits (2). A broad range of functions from structural reinforcement to regulation of the enzyme complex has been suggested for the accessory subunits, but in most cases, their specific role remains unresolved. Electron microscopy (EM) (3) and X-ray crystallographic analysis of mitochondrial complex I at 6.3 Å resolution (4) revealed the arrangement of functional modules within the L-shaped complex of a highly hydrophobic membrane arm consisting of the proximal and distal pump-modules (P P and P D modules) and a hydrophilic peripheral arm extruding into the mitochondrial matrix that comprises the NADH oxidation and ubiquinone reduction modules (N and Q modules). However, information on the structure and position of individual accessory subunits is still very limited.
M
itochondrial complex I (proton pumping NADH:ubiquinone oxidoreductase, EC 1.6.5.3) is a 1-MDa membrane protein complex with a central function in cellular energy conversion (1) . Redox-linked proton translocation by complex I contributes to the electrochemical proton gradient across the inner mitochondrial membrane that drives ATP synthesis by ATP synthase. Complex I dysfunction caused by mutations or toxins is associated with a number of neuromuscular and neurodegenerative human disorders, such as Parkinson's disease. Fourteen central subunits are conserved from bacteria to humans that harbor the core function of energy conversion. In eukaryotes, a substantial fraction of the mass of the holoenzyme is contributed by so-called accessory subunits (2) . A broad range of functions from structural reinforcement to regulation of the enzyme complex has been suggested for the accessory subunits, but in most cases, their specific role remains unresolved. Electron microscopy (EM) (3) and X-ray crystallographic analysis of mitochondrial complex I at 6.3 Å resolution (4) revealed the arrangement of functional modules within the L-shaped complex of a highly hydrophobic membrane arm consisting of the proximal and distal pump-modules (P P and P D modules) and a hydrophilic peripheral arm extruding into the mitochondrial matrix that comprises the NADH oxidation and ubiquinone reduction modules (N and Q modules). However, information on the structure and position of individual accessory subunits is still very limited.
In this study, we focused on accessory complex I subunit NB4M (alternative designations NDUFA6 and B14). NB4M/ NDUFA6 belongs to the Complex1_LYR family of LYRM proteins (5) (6) (7) that is characterized by a motif comprising an N-terminal leucine-tyrosine-arginine sequence located upstream of several conserved arginines and an invariant phenylalanine. The human genome contains at least 11 proteins of the LYRM superfamily, and the mammalian complex I subunit NDUFA6 is identical to LYR motif containing protein 6 (LYRM6). Several other LYRM proteins were shown to be associated with the maintenance of mitochondrial homeostasis. LYRM4 (alternative designation ISD11, iron-sulfur protein biogenesis desulfuraseinteracting protein 11) plays an essential role in mitochondrial iron-sulfur cluster biogenesis, and it has been implied that it functions as an adaptor protein for anchoring frataxin to the complex of the cysteine desulfurase Nfs1 and the iron-sulfur protein assembly protein ISCU (8) . LYRM7 and LYRM8 are assembly factors of respiratory complexes III and II, respectively (5, 6) . The function of LYRM6 (i.e., the NB4M/NDUFA6 subunit of complex I) is unknown, but it is interesting to note that it was identified as a hot spot for peroxynitrite-induced tyrosine nitration (9) . Down-regulation of the NDUFA6 subunit has been linked with inactivation of complex I, leading to induction of apoptosis and, ultimately, T-cell depletion in HIV infections (10) .
The aerobic yeast Yarrowia lipolytica is a useful yeast genetic model to study eukaryotic complex I in health and disease (11) . We have deleted the gene encoding the NDUFA6 ortholog NB4M in this organism and observed formation of a stable and nearly complete complex I subassembly. Proteomic analysis revealed that the absence of NB4M caused detachment of the accessory mitochondrial acyl carrier protein subunit ACPM1 from the enzyme complex, and EM of single particles permitted assignment of subunits NB4M and ACPM1 to a specific domain Significance Complex I is the largest membrane protein complex of the respiratory chain. In addition to 14 central subunits conserved from bacteria to man, the mitochondrial enzyme comprises some 30 so-called accessory subunits of largely unknown structure and function. We show that accessory subunit NB4M [human ortholog NDUFA6, LYR motif containing protein 6 (LYRM6)], a member of the LYR protein superfamily, anchors an acyl carrier protein to complex I, thus forming a structurally welldefined subdomain essential for complex I activity. Our study offers structural insights into the functional interplay of several central and accessory subunits that seem to be specifically involved in controlling the catalytic activity of mitochondrial complex I. This also provides the structural basis for human complex I inactivation in HIV-linked LYRM6 deficiency.
of the peripheral arm of complex I. Remarkably, despite complete assembly of all central subunits, ubiquinone reductase activity of complex I was abolished in the NB4M deletion strain.
Results
Complex I from Strain nb4mΔ Lacks Two Accessory Subunits. Blue native (BN)-PAGE analysis of mitochondrial membranes prepared from Y. lipolytica strain nb4mΔ, in which we had deleted the entire NB4M ORF by homologous recombination, indicated a somewhat reduced amount of complex I compared with the parental strain (Fig. 1A) . To obtain a comprehensive picture of the migration profiles of the complex I subunits in a native gel and the composition of possible subassemblies, we applied our recently developed Complexome Profiling approach (Fig. S1 ) (12) . With the notable exception of subunit ST1, which is known to dissociate from complex I during BN-PAGE (13) and was indeed found exclusively as free subunit, in both strains, the major fraction of all detected subunits was present in monomeric complex I and in the supercomplexes formed by its association with complexes III and IV (14) . Of several complex I subunits, a small fraction also migrated as free proteins, and some subcomplexes corresponding to the membrane arm and its P D module were observed even in the parental strain. However, the presence of complex I fragments was much more evident in mitochondria from strain nb4mΔ, in which subcomplexes of the peripheral arm also were observed (Fig. S1 ). Similar to the lower complex I abundance in mitochondrial membranes (Fig. 1A) , this indicated a somewhat reduced stability of complex I in strain nb4mΔ. Most notably, subunit ACPM1 was found almost exclusively as free protein in strain nb4mΔ, and none of it was associated with complex I or its supercomplexes. Because the hydrophobic subunits ND2, ND4L, and ND6 are notoriously difficult to detect via mass spectrometry (15), we could not find these proteins in the Complexome Profiling data sets.
For further analysis, we therefore isolated complex I from strain nb4mΔ, taking advantage of the histidine tag attached to the 30-kDa subunit of complex I in our laboratory strains of Y. lipolytica. Purification was straightforward, and the elution profile of the final size-exclusion column was indistinguishable from a parental strain preparation (Fig. S2) , as was the mobility of the isolated complexes in BN-PAGE (Fig. 1A) . Doubled (d) SDS-PAGE analysis confirmed the absence of subunits NB4M and ACPM1 of complex I from strain nb4mΔ and also showed that the membrane integral subunits ND2 and ND6 were present (Fig. 1B) . No spot could be assigned unambiguously to subunit ND4L in the dSDS gels, but mass spectrometric analysis of purified complex I (Table S1 ) did allow the detection of a single peptide of this small, 9.8-kDa subunit in both the parental and the deletion strains, suggesting that subunit ND4L was present in complex I from strain nb4mΔ.
Taken together, our data clearly show that subunit ACPM1 was the only additional subunit not present in complex I from strain nb4mΔ. This indicated that the binding of this protein depended on the presence of subunit NB4M. The combined mass of the two missing subunits is 24 kDa. This is less than 3% of the total mass of complex I and explains why neither via BN-PAGE nor in the elution profile from the size exclusion column was a significant difference between complex I from the parental strain and strain nb4mΔ observed.
Because the position of subunit NB4M had remained ambiguous in a topological model for the arrangement of the subunits in different functional modules of complex I (15), we used controlled dissociation of purified complex I with the detergent lauryldimethylamine-oxide to biochemically prepare subcomplex Iλ that corresponds essentially to the peripheral arm. dSDS-PAGE (Fig. S3 ) and mass spectrometric analysis (Table S1 ) of the subcomplex unambigously revealed that subunits NB4M and ACPM1 were associated with the peripheral arm of complex I.
All Iron-Sulfur Clusters Are Present in Complex I from Strain nb4mΔ.
EPR spectroscopy of purified complex I from strain nb4mΔ at 12 K showed that the signals originating from NADH-reducible ironsulfur clusters N1, N3, and N4 were essentially unchanged (Fig. 2) . The spectrum of cluster N5 was recorded at 8 K and was indistinguishable from the corresponding spectrum of complex I from the parental strain (Fig. S4) . However, the signal intensity for the 4Fe-4S cluster N2 was decreased to about 60% compared with parental complex I, whereas line shape and field position remained identical (Fig. 2) . EPR spectra of the oxidized complex from strain nb4mΔ, but not of the parental strain, revealed a signal characteristic for a 3Fe-4S cluster (Fig. S4 ). This signal most likely represented defective iron-sulfur cluster N2, but the intensity was far too low to account for the missing 40% in signal intensity. Nevertheless, this observation suggested that iron-sulfur cluster N2 was incompletely assembled or somewhat less stable in the deletion strain, whereas the unchanged spectral signature rendered major structural alterations around the fraction of intact clusters unlikely.
To assess whether the remaining EPR-silent iron-sulfur clusters were present in complex I of the deletion strain, we determined the specific iron content of the purified complex by total reflection X-ray fluorescence spectroscopy. The number of iron atoms found per complex was 29 ± 1 (n = 3) for the parental control and 29 (n = 2) for the enzyme lacking subunits NB4M and ACPM1. Both values are in agreement with the theoretical value of 28 irons per complex, indicating that all iron-sulfur clusters were present in complex I from strain nb4mΔ. Silver-stained dSDS-PAGE of affinity-purified complex I from parental strain and strain nb4mΔ; blue captions, central subunits; black captions, accessory subunits; NB4M and ACPM1 are highlighted in green. NB4M and the acyl carrier protein ACPM1 are absent in complex I from strain nb4mΔ (red circles). Please note that the assignment of subunits NUNM and NUMM was corrected and differs from that in ref. 15 .
structural integrity of complex I, we found that specific inhibitorsensitive ubiquinone reductase activity was almost completely abolished in mitochondrial membranes from strain nb4mΔ (Fig.  3 ). To investigate whether this loss of activity was related to the Complex1_LYR family motif present in subunit NB4M, we analyzed the N-terminal sequence LYR (position 28-30), the conserved arginines at position 34 and 57, and the invariant phenylalanine residue at position 60 by site-directed mutagenesis, which are the hallmarks of this motif (7) (Fig. 3) . BN-PAGE of mitochondrial membranes showed that all mutant strains expressed high amounts of assembled complex I (Fig. S5 ). Quantitative assessment of the complex I content using our established approach to measure activity with the nonphysiological electron acceptor hexaamineruthenium(III) indicated that except for mutations R34A and R57A, the amount of assembled complex I was somewhat reduced (Fig. 3) . Although replacement of each individual amino acid of the LYR sequence by alanine reduced complex I content by 10-20%, the effect of an exchange of all three amino acid residues (LYR:AAA) was essentially the same as for the complete deletion of subunit NB4M, reducing the content of complex I in the mitochondrial membranes to about 60% compared with the parental strain. Additional exchange of R57 and F60 did not lower the abundance of complex I any further. In contrast, only a combination of these mutations with the complete exchange of the LYR sequence markedly affected the normalized ubiquinone reductase activity (Fig. 3) . Although mutation LYR:AAA alone reduced quinone reductase activity by less than 20%, it was down to about 40% of the parental strain when combined with R57A. Mutations LYR:AAA, together with F60A, abolished complex I activity almost completely to the level of the deletion of the entire subunit NB4M. Notably, exchange of R57 and F60 alone had no effect at all on the specific complex I activity, and all other single amino acid exchanges reduced it only by about 5-15%. After purification and lipid reactivation, the ubiquinone reductase activity of complex I from the LYR:AAA mutant was found to be decreased to about 25%, whereas the activity for the Y29A mutant remained close to the wild-type level ( Table 1) . Quantification of the protein spots after dSDS-PAGE revealed that the amounts of subunits NB4M and ACPM1 were reduced about half in complex I from the LYR:AAA mutant (Table 1) . This was also true for subunit NB4M in the LYR:AAA+F60A mutant, whereas subunit ACPM1 was completely lacking from complex I purified from this strain. In complex I from mutant Y29A, the amounts of both subunits were unchanged. Although the EPR spectrum of mutant Y29A showed no deviation from the wild-type control, we observed a reduction to ∼80% signal intensity for cluster N2 in mutants LYR:AAA and LYR:AAA+ F60A (Fig. S6) .
Subunits NB4M and ACPM1 Form Domain 6 of the Peripheral Arm. To investigate structural differences between complex I from the parental strain and strain nb4mΔ, we analyzed both complexes by single-particle 2D EM, averaging, and difference imaging (Fig. 4) . The previously described subdomain architecture of the peripheral arm (3) was clearly visible. A comparison with average images of the holoenzyme clearly showed that subdomain 6 was lacking in complex I from strain nb4mΔ (Fig. 4) . To confirm that domain 6 is missing, independent of possible variability in the data, the aligned images of the holocomplex and subcomplex were combined, analyzed as a single set by correspondence analysis, and classified. The images contributing to each class average were split into two sets, and two averages were calculated: one of the parental strain only and one of the subcomplex only. All of the class averages show that domain 6 is present in the holoenzyme and missing in complex I from strain nb4mΔ (Fig. S7) . In addition to domain 6, some weak interior differences can be seen. These are most probably caused by minor differences in the imaging conditions for both data sets, as the images of the holoenzyme were recorded at a slightly higher defocus (1.0-1.5 μm) and corrected for the microscope transferfunction, whereas the subcomplex images were obtained close to focus (<1 μm), so that contrast transfer function correction was not needed.
Extensive structural consistency between the central subunits of eukaryotic and prokaryotic complex I can be assumed on the basis of high sequence conservation and was demonstrated by fitting three subunits of the bacterial Q module into the lowresolution X-ray electron density map of Y. lipolytica complex I (4). An overlay of the EM envelope of Y. lipolytica complex I (3) with the X-ray structure of complete complex I from Thermus thermophilus (16) clearly showed that subdomain 6 was missing in the simpler bacterial enzyme (Fig. 5A) . For the mitochondrial enzyme, a close spatial relationship of subdomain 6 with the Q module was evident (Fig. 5A, blue) . Sequence conservation among the small acyl carrier proteins is generally high (e.g., ACP Escherichia coli/ACPM1 Y. lipolytica 33% identity and 47% similarity), and a large number of related structures were solved at high resolution, exhibiting a characteristic four-helix arrangement. Calculation of a structural model for ACPM1 using MOD-ELLER (17) Fig. 2 . EPR spectrum of purified complex I from strain nb4mΔ. EPR spectra of complex I purified from parental and strain nb4mΔ were recorded using the following parameters: microwave frequency, 9.47 GHz; microwave power, 1 mW; modulation amplitude, 0.64 mT; and modulation frequency, 100 kHz. Samples were reduced with NADH (2 mM), and the spectra were recorded at 12 K. Characteristic signal contributions of the four EPR visible iron-sulfur clusters of complex I (N1, N2, N3, N4) detectable under these conditions are indicated above the spectra. For comparison, spectra were normalized on signal intensities of clusters N3 and N4. The difference spectrum largely shows the pure signature of the terminal iron-sulfur cluster N2. ).
end of subdomain 6, and we manually fitted the calculated structural model for ACPM1, as well as the NMR structure of the human ortholog NDUFAB1 (PDB code 2DNW) and the Xray structure of ACP from E. coli (PDB code 2FAE) (18) (Fig. 5 B and C and Fig. S8 ).
In contrast, generation of a 3D structural model for NB4M was compromised by the lack of clearly related protein structures. Secondary structure prediction indicated that NB4M is predominantly α-helical. Consistently, the proximal part of subdomain 6 comprises three long tubular electron density features very likely representing α-helices ( Fig. 5 B and C; green). The fit of the different acyl carrier protein structures indicated that helix α-2 of mitochondrial ACPM1 is mainly responsible for its binding to NB4M. This arrangement is highly similar to the interaction reported for E. coli ACP and the enoyl reductase Fabl of the type 2 fatty acid synthesis pathway of this organism (19) . Likewise, the ACP domain of the cytosolic eukaryotic type 1 fatty acid synthesis complex interacts with its binding partner via the corresponding recognition helix 8 (20) . In the ACP structure from E. coli that we fitted into the electron density map of the mitochondrial enzyme, the phosphopantetheine prosthetic group carrying a decanoyl modification is resolved. Assuming a similar conformation for the prosthetic group of ACPM1, the phosphate moiety would bridge the tip of ACPM1 helix α-2 and the adjacent helical feature assigned to NB4M. A strong binding interaction, probably via a salt bridge, is supported by a clearly visible connectivity in the X-ray electron density map (Fig. S8 and Fig. 5 B and C) .
Discussion
We investigated the structure and function of the mitochondrial complex I accessory subunit NB4M, a member of the LYRMfamily of proteins (LYRM6), by generating a strain of Y. lipolytica carrying a chromosomal deletion of the NB4M gene. Mitochondrial membranes of the resulting strain nb4mΔ contained moderately reduced amounts of assembled complex I that, in addition to subunit NB4M, lacked only one additional small subunit; namely, the mitochondrial acyl carrier protein ACPM1 (Fig. 1 and  Fig. S1 ). Remarkably, the absence of only a minute fraction of the holoenzyme representing less than 3% of its total mass completely abolished ubiquinone reductase activity.
Other LYRM proteins, namely, Mzm1 (LYRM7) and SDHAF1 (LYRM8), were identified as assembly factors of respiratory chain complexes III and II, respectively (5, 6) . Moreover, the yeast homolog ISD11 of human LYRM4 is associated with the machinery for iron-sulfur cluster synthesis, and a general function for insertion or retention of iron-sulfur clusters was proposed for LYRM proteins, including the mammalian ortholog of complex I subunit NB4M/NDUFA6 (6) . Indeed, we observed that the EPR signal intensity of cluster N2 in the central PSST subunit was diminished (Fig. 2) . However, the majority of the iron-sulfur cluster was properly inserted, and considering that Mzm1 (LYRM7) was shown to be an important chaperone for assembly of the central Rip1 subunit of complex III, but not for insertion of the Rieske ironsulfur cluster, the strict link of LYRM proteins with iron-sulfur cluster assembly seems less compelling.
At this stage, the reason for the lower N2 EPR signal remains unclear because the residual signal was completely normal, the additional signal in the EPR spectrum of the mutant indicating an incomplete 3Fe-4S cluster was minute, and there was no indication of a lower iron stoichiometry or an impaired assembly of the PSST subunit in complex I of the deletion strain. However, considering that cluster N2 contributes only 14% of the total iron content of complex I, a fractional loss of the cluster cannot be excluded on the basis of the measurements of total iron content. Therefore, it remains undecided whether a minor part of cluster N2 was physically absent or was converted to a state that could not be monitored by EPR spectroscopy. In any case, as 60% of the N2 clusters showed normal spectral properties on reduction by NADH, partial modification of this redox center cannot explain the total loss of activity observed in the deletion mutant.
To evaluate whether the LYR motif in subunit NB4M was critical for keeping complex I catalytically active, we characterized a series of site-directed mutants (Fig. 3) . None of the singleamino acid exchanges had major consequences, suggesting that functionality of the LYR motif was rather robust and relied on an ensemble of residues. In contrast, a single mutation of the LYR tyrosine in the Mzm1 assembly factor of complex III caused a major loss of function comparable with deletion of the mzm1 gene (5) . Complete exchange of the N-terminal LYR triad with three alanines decreased the amount of complex I in mitochondrial membranes somewhat, but the specific activity of the enzyme was hardly affected. Only when, in addition, mutation R57A was introduced did ubiquinone reductase activity decline significantly; it was abolished completely in mutant LYR:AAA+ F60A. Notably, complex I purified from this mutant was essentially inactive but still contained about 60% of subunit NB4M, whereas subunit ACPM1, the second subunit missing in strain nb4mΔ, was completely absent (Table 1) . In comparison, the purified LYR:AAA mutant retained about 40% of ACPM1 and about 25% of activity, whereas the purified Y29A mutant displayed a change in neither subunit stoichiometry nor activity. The correlation between loss of ACPM1 and catalytic activity in the LYR:AAA and LYR:AAA+F60A mutants seems remarkable. However, even though the EPR spectra of the two mutants were virtually identical, it remains difficult to unambiguously dissect the effect of NB4M mutation and partial or complete detachment of ACPM1. In Y. lipolytica, ACPM1 is an essential gene, precluding generation of a deletion strain and selective evaluation of the function of ACPM1 for complex I activity. In any case, our data suggest that a functional NB4M subunit was required for binding subunit ACPM1 to mitochondrial complex I and that binding of subunit ACPM1 to complex I was required to maintain catalytically active complex I. These observations constitute structural and functional links between the two accessory subunits. In this context, it is interesting to note that LYRM4 has also been proposed to act as an adaptor protein that links the small protein frataxin to a larger protein complex (8) .
ACPMs have been proposed to be components of the bacterial type fatty acid synthesis system of mitochondria involved in Fig. 4 . Single-particle 2D electron microscopic analysis of complex I purified from parental strain and strain nb4mΔ. Average images of the subcomplex (I) and the holocomplex (II), followed by the difference image (II-I). The circled numbers indicate the previously described subdomains 1, 2, 5, and 6 of the peripheral arm (3). (Scale bar, 10 nm.) formation of lipoic acid, a prosthetic group of mitochondrial dehydrogenases (21) . The presence of a single acyl carrier protein subunit was first discovered in bovine complex I (22) . In contrast, Y. lipolytica was shown to harbor two highly similar but mutually nonexchangeable ACPM subunits, ACPM1 and ACPM2 (23) . In agreement with our previous study (23) , our data show unequivocally that ACPM1 is almost completely associated with complex I in the parental strain (Fig. S1 ). However, in strain nb4mΔ, ACPM1 was completely detached from complex I. Because the NB4M deletion strain was nevertheless viable, we conclude that ACPM1 can carry out its essential function independent of the structural context of complex I. This finding is in agreement with the situation reported for bovine mitochondria, in which the acyl carrier protein subunit SDAP of complex I was detected in significant excess in free form in the mitochondrial matrix (24), and with Arabidopsis thaliana, in which none of the three known ACPMs were found to be associated with complex I (25).
In conclusion, the yet-unspecified essential function of ACPM1 is independent of its association with complex I and is most likely linked to mitochondrial fatty acid synthesis required, for example, in biosynthesis of lipoic acid. We show that integrity of the domain consisting of NB4M and ACPM1 together is essential for complex I activity. However, the ultimate cause for the association of the acyl carrier protein with complex I remains unresolved.
Single-particle EM of complex I purified from strain nb4mΔ clearly showed that the two missing subunits corresponded to the small but characteristic subdomain 6 protruding from the peripheral arm (Fig. 4) that had been previously defined by electron microscopic analysis of complex I from Y. lipolytica (3) . Electron microscopic models of bovine complex I also show subdomain 6 in the peripheral arm (26) . Remarkably, however, the mammalian enzyme features a thin connection between the tip of the domain and the membrane arm. The identity of this stalk-like structure is unknown, but it might explain the unusual association of the single bovine acyl carrier protein subunit with two different subcomplexes, one of which represents the distal domain of the membrane arm (27) .
The assignment of the two proteins to subdomain 6 was further corroborated by proteomic analysis of a biochemically prepared peripheral arm of complex I (Table S1 and Fig. S3 ) and tentative modeling of subunits NB4M and ACPM1 into the X-ray crystallographic 6.3-Å map of Y. lipolytica complex I (4) (Fig. 5 and Fig. S8 ). According to this structural model, ACPM1 docks to complex I via subunit NB4M to form a nose-like domain extending from the inner side of the peripheral arm approximately at the level of iron-sulfur cluster N2 and the binding site of the ubiquinone headgroup. In line with the loss of ACPM1 on exchange of the conserved arginine in the LYR:AAA mutant in conjunction with F60A (Table 1) , the model also suggests that the phosphate moiety of the phosphopantetheine group of ACPM1 is critically involved in binding subunit NB4M (Fig. S8) .
Subunit NB4M itself seems to be bound primarily to the 30-kDa subunit and to have also some contacts to the 49-kDa subunit (Fig. 5) . This position provides some clues as to why the catalytic activity of mitochondrial complex I required an intact subdomain 6. The domain within the 49-kDa predicted to be in contact with subunit NB4M is the N-terminal β-sheet (Fig. 5 , yellow) comprising two histidines known to be critical for complex I activity (28, 29) . They are part of the large ubiquinone and inhibitor binding pocket at the interface between the 49-kDa and PSST subunits that has been characterized in detail by site-directed mutagenesis and X-ray structure determination (4, 28) . Moreover, the contact site between NB4M and the 49-kDa subunit is in the vicinity of another structural element known to control complex I activity.
Mitochondrial complex I from many species, including Y. lipolytica, is known to undergo a reversible transition between an active (A) form and a deactive (D) form (30) . Structural changes linked to this A/D interconversion of mammalian complex I involve a specific cysteine residue in the long loop connecting transmembrane helices 1 and 2 of subunit ND3 (31) . The recently solved X-ray structure of complex I from the bacterium T. thermophilus shows that the ND3 loop resides adjacent to the N-terminal β sheet of the 49-kDa subunit near the interface between the Q and P modules (Fig. 5C, red) (16) . The A/D transition has been studied in the context of reperfusion-induced tissue damage, and conversion into the D form (e.g., during hypoxia) is discussed to prevent excessive formation of reactive oxygen species on reoxygenation. It was shown recently in vivo that S-nitrosylation of the cysteine in subunit ND3 prevented or retarded return of complex I to the A form (31, 32) . Our results show that subunits NB4M and ACPM1 are an important part of this regulatory domain, and we speculate that an interaction of NB4M with the ND3 loop is critically involved in the A/D conversion of mitochondrial complex I. Although the two small proteins constituting subdomain 6 may contribute merely by passively maintaining the proper structure, considering their exposed position, it is also tempting to speculate that they may bind so-far-unidentified factors that take part in the regulation of complex I activity. Finally, our data provide insight into the structural basis of the inactivation of human complex I because of specific down-regulation of subunit NDUFA6/NB4M during HIV infection that results in T-cell depletion by induction of apoptosis (10) .
Methods
Deletion Strain nb4mΔ and Site-Directed Mutagenesis of Subunit NB4M from Y. lipolytica. The complete NB4M gene (YALI0A01419g) was deleted in Y. lipolytica strain GB20 (mus51Δ, nugm-Htg2, ndh2i, lys11
− , MatB). This strain carries a deletion of the MUS51 gene that has a function in nonhomologous end-joining of DNA strands. This modification greatly enhanced the efficiency of gene deletion by homologous recombination. Sitedirected mutagenesis was done essentially as described previously (11) . (16) and the envelope of Y. lipolytica complex I determined by single-particle EM (3). NADH oxidation module (N, orange), ubiquinone reduction module (Q, blue), proton pump modules (green, P P and P D ), and iron-sulfur cluster N2 (yellow circle). The blue frame indicates the zoom window for B and C. (B) Overlay of X-ray electron density map (4) (gray surface, contour level 1.9) with an envelope of Y. lipolytica complex I (3) (gray mesh), and X-ray structure of T. thermophilus complex I; 49-kDa subunit (NQO4, blue, N-terminal β-sheet highlighted in yellow), PSST subunit (NQO6, cyan), TYKY subunit (NQO9, orange), 30-kDa subunit (NQO5, hot pink), loop connecting helices 1 and 2 of subunit ND3 (NQO7, red); structure of ACP from E. coli [PDB file 2FAE) (18), pink; decanoyl phosphopantetheine, yellow stick representation] fitted to electron density in the distal part of subdomain 6 (magenta), electron density features tentatively assigned to subunit NB4M are highlighted in green (cf. Fig. S8 ). (C) Alternative view of B rotated by about 180°.
Preparation of Intact Mitochondria, Mitochondrial Membranes, and Purification of Complex I. After breaking Y. lipolytica cells in a blender, intact mitochondria were prepared by several differential centrifugation steps, including separation on a sucrose density gradient. The details of this method, the preparation of mitochondrial membranes, and the purification and fragmentation of complex I are described in SI Methods. Specific NADH:hexaammineruthenium and deamino-NADH:decylubiquinone oxidoreductase activity was measured for mitochondrial membranes and for purified enzymes after lipid activation, as described (33) .
Electrophoresis. Mitochondrial membranes or intact mitochondria from Y. lipolytica were solubilized in 1.5 g/g n-dodecyl-β-D-maltoside or 3 g/g digitonin, respectively, and separated by BN-PAGE with a 4-16% acrylamide gradient. The subunit composition of purified complex I was analyzed by dSDS-PAGE (34) . To determine the relative abundance of individual complex I subunits, fluorescence signals of cyanine 3-labeled protein were detected after dSDS-PAGE separation by laser scanner Typhoon 9400 (GE Healthcare) and quantified by the DeCyder 2D software 7.0 (GE Healthcare). Signals from subunits NB4M and ACPM1 were normalized to subunit ND3 in complex I from parental and mutant strains. Complexes I, III, and IV and monomeric and dimeric ATP synthase in the Complexome Profile were used for mass calibration of each slice according to ref. 14.
EPR Spectroscopy and Iron Determination. X-band EPR spectra were recorded as described previously (29) and as detailed in the Fig. 2 legend. Iron-to-protein ratios were determined by total-reflection X-ray fluorescence, as described in SI Methods.
EM. EM of single particles in deep stain was done essentially as described previously (3) . Details are summarized in SI Methods.
Structure Prediction and Modeling. Secondary structure prediction was carried out using the Quick2D package at http://toolkit.tuebingen.mpg.de/quick2_d. For modeling, we used the bioinformatic tools HHpred (36) , and MODELLER (17) . For manual fitting and display of structures, we used Chimera (37) .
